Aluminum and Al-Mg-Si alloy ingots with pores were fabricated by unidirectional solidification through thermal decomposition of Ca(OH) 2 powders. The porosity of aluminum and Al-Mg-Si alloy were 10-17% and 0.1-2%, respectively. While the pores with 250-400 mm diameter were observed in a grain or across several grains in the aluminum ingots, smaller pores with 50-300 mm were observed in an eutectic region between primary dendrites in the Al-Mg-Si ingots. In the alloys with Mg(0.25-0.5 mass%) and Si(0.2-0.4 mass%), the unidirectional pores were aligned between columnar dendrites grown in the unidirectional solidification. With higher Mg and Si contents, the equiaxed dendrite zones with spherical pores were observed in a region with low temperature gradient. The results of thermal analysis showed that constitutional supercooling, which causes equiaxed dendrites, tends to occur with increase in Mg and Si contents and with low temperature gradient at the solid-liquid interface. Under this condition, spherical pores were evolved, because the surrounding -dendrites solidified isotropically. Therefore, it is concluded that the pore growth direction is affected by morphology of dendrites.
Introduction
Recently, porous aluminum is expected to be applied to light-weight structural materials with various functional properties. Among various kinds of porous aluminum, aluminum foam with a higher porosity than 90% is actively studied. 1) This kind of aluminum foam possesses isotropic spherical pores and is applied to sound-absorbing materials and shock absorption materials. However, the aluminum foam does not retain enough strength for structural material due to its high porosity; the spherical pores cause stress concentration under a stress, which prevents improvement of strength even if the porosity decreases.
On the other hand lotus-type porous metals with long cylindrical gas pores aligned in one direction, exhibit superior mechanical properties to that of isotropic porous metals. [2] [3] [4] The specific strength of lotus-type porous metals in the pore growth direction does not decrease because no stress concentration takes place even if the pores exist. 4) Therefore, lotus-type porous metals are considered to be effective light-weight structural materials.
The lotus metals can be fabricated by the unidirectional solidification in the pressurized gas atmosphere such as hydrogen. During solidification of melt dissolving hydrogen, the pores are evolved by rejected gas from the solid and then the pores grow in the solidification direction. Mold casting and continuous casting technique are used as unidirectional solidification process.
It is well known that there are two kinds of supplying methods of hydrogen to the molten metal. In one method hydrogen is supplied from a pressurized gas atmosphere. 3, 4) In another method hydrogen is supplied through thermal decomposition reaction of compounds including hydrogen. 5, 6) The thermal decomposition method was developed by Nakajima and Ide in order to fabricate lotus-type porous metals without explosive gas and high pressure chamber. 5) Until now several kinds of lotus aluminum alloys have already been fabricated with hypo-eutectic Al-Si alloys 7) and hypo-eutectic Al-Cu alloy 8) by continuous casting technique in hydrogen atmosphere of 0.1 MPa. These results showed that pores were formed in the eutectic region among several primary -dendrites by the solubility gap of hydrogen between liquid and solid phases, and then grew in the direction of growth of the columnar primary -dendrites. Therefore the shape and the direction of the primarydendrite in the aluminum alloys are considered strongly to affect the morphologies and the direction of pores, since the eutectic solidification is the final stage of the solidification. The influence of the surrounding -dendrites on the morphologies and direction of pores is significant in an alloy with a small volume fraction of the eutectic phase, because the growth of pores is interrupted by the surrounding -dendrites easily. Further investigations of the effect of the microstructure on the pore morphology are necessary for controlling the pore morphology in various commercial aluminum alloys.
In this study, Al-Mg-Si alloys with various Mg and Si contents were unidirectionally solidified by mold casting technique. The thermal decomposition method was applied to the mold casting method so that small pores were formed in the sample. Al-Mg-Si alloys were prepared by diluting A6061, which is widely used structural material. This paper reports the effect of the microstructures on the pore morphologies and discusses the model of pore formation.
Experimental Procedure
2.1 Mold casting of Al-Mg-Si alloy with thermal decomposition reaction Al-Mg-Si alloys with various Mg and Si contents were prepared by diluting A6061 by 25, 33 and 50% with pure aluminum, which are called for convenience 1/4, 1/3 and 1/2A6061, respectively. Figure 1 shows a schematic drawing of the mold casting apparatus which consists of melting and casting part in a chamber. A crucible was set in an induction heating coil in the upper part of the apparatus. The metal blocks in the crucible were melted by induction heating and the melt was poured into a mold through a hole at the bottom of the crucible by opening the stopper. The mold made of a thin stainless steel sheet of 0.1 mm in thickness was 25 mm in diameter and 90 mm in height. The mold was set on a copper chiller cooled by circulating water so that the melt was unidirectionally solidified in the mold.
In this study, Ca(OH) 2 was selected as the compound for supplying hydrogen into the melt. Kim et al. fabricated lotus aluminum using various kinds of compounds. 6) According to their results, Ca(OH) 2 provides higher porosity than TiH 2 and NaHCO 3 .
The Ca(OH) 2 powder of 0.2 g and aluminum powder of 0.2 g were mixed homogeneously and wrapped in an aluminum foil in order to disperse Ca(OH) 2 in the melt. The wrapped powder was set on the copper chiller.
Pure aluminum (99.99%), 1/2A6061, 1/3A6061, 1/4A6061 or A6061 of about 80 g was melted in a graphite crucible by induction heating in vacuum (about 10 Pa) and poured into the mold at 1023 K. The melt was unidirectionally solidified in the mold.
The samples were cut in the directions parallel and perpendicular to the solidification direction by a wire electrical discharge machine (model A320D, Sodic Co.
Ltd., Yokohama, Japan). The average porosity and pore diameters were measured using an image analyzer WinRoof (Mitani Co. Ltd., Tokyo, Japan). The cross-sections of the samples were polished and etched in a solution (distilled water : 32% Hydrochloric acid : 65% Nitric acid : 40% Fluorinated acid ¼ 1 : 1 : 1 : 0:4). The macro and microstructures were observed by an optical microscope (Keyence, VHX-200, Tokyo, Japan).
The Si contents of the cast samples were analyzed by method of weight of silicon dioxide following JIS H1352. The Mg contents were analyzed by ICP-MS (Inductively Coupled Plasma-Mass Spectrometry, Shimadzu ICPV-1017). The Ca contents were analyzed by ICP-AES (Inductively Coupled Plasma-Atomic Emission Spectrometer, Shimadzu ICPS-8000). These analyses were carried out in Kansai Division of Sumitomo Metal Technology, INC.
Temperature measurement during solidification
and thermal analysis of the cast samples The temperature change during the solidification was measured by K-type thermocouples set at the positions of 10, 20 and 30 mm from the copper chiller on the bottom, as shown in Fig. 1(b) . The other conditions were almost same as the mold casting described in 2.1. The difference was that mold casting was done without Ca(OH) 2 powder in the air, because of difficulty of setting the thermocouples in the vacuum chamber. However, the microstructures of fabricated sample in the air were confirmed to be similar to that fabricated in vacuum. Therefore, the measurement results of temperature change in the air can be applied to the experiments in vacuum.
The liquidus and solidus lines of the fabricated samples were analyzed by TG-DTA (Thermo Gravimetric-Differential Thermal Analysis; Bruker, TG-DTA2000SA). The samples were heated at 2 K/min in argon flow.
Results and Discussion
3.1 Microstructure, porosity and pore diameter Table 1 shows the results of ICP analyses of the fabricated samples. It was confirmed that the contents of Si and Mg were proportional to the dilution ratio of the original A6061. Not so large amount of Ca was detected. It is considered that the decomposed Ca from Ca(OH) 2 powder does not significantly affect the composition of the alloys.
Figure 2(a) shows macrostructures of the cross-sections of the samples in the direction parallel to the solidification direction. The columnar dendrite zone was observed in pure aluminum from the bottom to the top of the sample. However, the area of columnar dendrite zone reduced in the top of the sample with increasing Si and Mg contents and equiaxed dendrite zone was observed instead of the columnar dendrite. An equiaxed dendrite zone was observed in the whole sample of A6061. The average porosities of the samples of pure aluminum, 1/4A6061, 1/3A6061, 1/2A6061 and A6061, were 13%, 8% (including of large pores), 2%, 1% and 8%, respectively.
Figure 2(b) shows the cross-sectional views of the samples in the direction perpendicular to the solidification direction at distances of 10, 20 and 30 mm from the bottom. The pure aluminum ingot had a lot of pores with diameter of about 500 mm. The Al-Mg-Si samples had pores smaller than 1 mm in diameter except large pores observed in 1/4A6061. A lot of pores smaller than several hundreds mm were observed by optical microscope.
In the process of this study, hydrogen is considered to generate by the following two-step reactions. First, the thermal decomposition reaction of Ca(OH) 2 powder started about 823 K.
Then the decomposed moisture reacts with the aluminum melt.
The large pores observed in 1/4A6061 at distances of 10 mm from the bottom are considered to be trapped bubbles of H 2 gas 10) during the solidification, because the large pores grew across several grains. The conditions for the generation of this kind of large pore have not yet been clear.
On the other hand, small pores are considered to be formed by hydrogen extruded from the solid by the solubility gap of hydrogen between liquid and solid aluminum alloys. Figure 3 shows the microstructures on the cross-sections in the solidification direction at 10, 20 and 30 mm from the bottom of the samples. While the pores were observed inside the grains in the pure aluminum, the pores (in black) were observed in the eutectic phase (grey) between the phases (white) in the alloys. The directional thin pores were observed to be parallel to the unidirectionally solidified primary phases in the range up to 30 mm away from the bottom in 1/4A6061 and 1/3A6061. However, a clear boundary from columnar to equiaxed dendrite region was observed at the position of 30 mm from the bottom of the 1/2A6061 sample. The pore morphologies changed at the boundary from directional pores to isotropic pores in irregular shapes. These results show that directional pores form in the columnar dendrite zones and isotropic pores form in the equiaxed dendrite zones. These results agree well with the reported results on arc welding of A6061. Figure 4 shows that the pore aspect ratio calculated using the average pore diameter and the pore length at distance of 10, 20 and 30 mm from the bottom. The pores grew in the solidification direction in pure aluminum because of no obstacles of the precipitates. The length of pores in the aluminum alloys, however, became shorter with increasing concentration of alloying elements. The pores in A6061 were almost spherical. These results were attributed to an increase in the semi-solid mushy zone region in front of the solid phase with increasing Si and Mg. Figure 5(a) shows the pore diameters measured on the cross-section at the position of 10, 20 and 30 mm away from the bottom of each sample. The large pores formed by bubbling were eliminated from the measurements. The pore diameters in the columnar dendrite zone of 1/4, 1/3 and 1/2 A6061 were about 200 mm, which was similar to the distances between the primary phases. On the other hand, the pore diameters in the equaixed dendrite zone of 1/2A6061 and the A6061 were larger than that in the columnar dendrite zone. Figure 5 (b) show the porosity estimated as the area fraction of the pores in the cross-sectional area measured by the image analyzer. Although the porosity seems extremely higher at 10 mm from the bottom of 1/4A6061 sample than the other samples in Fig. 2(b) , the increase of the porosity was caused by the large pores, which were formed by bubbling. After elimination of the data of the large pores, the porosity of 1/4A6061 was similar to that of other Al-Mg-Si alloys. The pore diameter and the porosity in the equiaxed zone increased with an increase in distance from the bottom.
11)
According to the previous studies, addition of 1 mass% of magnesium increases the solubility of hydrogen in aluminum alloys by about 1 Â 10 À5 mass% H, 12, 13) while addition of 1 mass% of silicon decreases in the solubility of hydrogen by about 2 Â 10 À6 mass% H. 13, 14) These data show that the solubility change by the alloying elements of silicon and magnesium is considered not to affect the porosity significantly in this study. Therefore, the ratio of hydrogen, which contributed to the formation of pore, was discussed based on the hydrogen solubility in pure aluminum at the melting point in hydrogen atmosphere of 0.1 MPa. The hydrogen solubility of solid aluminum is 0.036 cc/ 100 g-Al and the hydrogen solubility of liquid aluminum is 0.69 cc/100 g-Al in hydrogen atmosphere of 0.1 MPa. Namely, the hydrogen solubility gap between solid and liquid is 0.65 cc/100 g-Al under the 0.1 MPa hydrogen atmosphere. 15) When the hydrogen solubility in the solidphase and liquid state can be calculated by a sievert's law, the solubility gap between solid phase and liquid states is 0:65 Â ð10 Pa=10
5 PaÞ 1=2 ¼ 6:5 Â 10 À3 cc/100 g-Al under a hydrogen pressure of 10 Pa.
On the other hand, the amount of hydrogen, which contributed to the pore formation, was possible to be calculated by the volume of pores and the equation of gas state. Here an aluminum sample with porosity of 3% is discussed, according to Fig. 5(b) . The volume of pores in the aluminium sample of 100 g is 1:1 Â 10 À6 m 3 , which corresponds to hydrogen content of 1:4 Â 10 À3 cc/100 g-Al under the standard condition according to Boyle's law. The pressure is assumed to be a sum of the hydrostatic pressure of the melt of 400 Pa and the atmospheric pressure of 10 Pa. Although the hydrostatic pressure varies by the vertical position of the melt, the value at 30 mm under the uppermost part of the melt, which is considered to be the average value.
Under the assumption that the hydrogen dissolved in the melt at the equilibrium value of 6:9 Â 10 À3 cc/100 g-Al under a hydrogen pressure of 10 Pa, about 20% of the dissolved hydrogen contributed to the pore formation. It was reported that about 50% of hydrogen excluded from solid phase by solubility gap during solidification contributes to the pore formation in experiments of fabrication of lotus copper by mold casting under hydrogen atmosphere.
16) The rest of the excluded hydrogen is considered to escape into the atmosphere. The hydrogen escape ratio of hydrogen from aluminum is higher than that from copper, because the solubility of hydrogen in liquid aluminum is much lower than that in liquid copper.
Pore morphology and solidification conditions
Since the morphologies and direction of pores are influenced by that of the surrounding primary -dendrites, the pores are considered to form in the eutectic region, which solidified in the final stage of the solidification.
Although the volume fraction of the eutectic phase was small in the alloys used in this study, the influence of the surrounding -dendrites on the morphologies and direction of pores is significant. The growth of pores is interrupted by the surrounding primary -dendrites, when the volume fraction of eutectic phase is small according to the results of fabrication of lotus-type porous Al-Si alloys. 7) In Al-4 mass% Si and Al-8 mass% Si with a small volume fraction of eutectic phases, the morphologies and direction of pores were influenced by the surrounding primary -dendrites. On the other hand, in Al-Si alloys with a Si-content of 12, 14, and 18 mass% with a large volume fraction of eutectic phases, the pores grew in the solidification direction and were in a cylindrical shape.
The effects of the solidification conditions on the morphology of the pores formed in the eutectic region are discussed. Figure 6 shows the cooling curve during unidirectional solidification at distance of 10, 20 and 30 mm from the bottom of the samples. The liquidus temperature T L and the solidus temperature T S were also shown in Fig. 6 . The liquidus temperature T L and the solidus temperature T S of each alloy were measured by the TG-DTA as shown in Fig. 7 . Both the liquidus and solidus temperatures decreased with increasing Mg and Si contents and the semi-solid region (mushy zone) between the liquidus and solidus temperatures increased. Figure 8 shows the time of start of solidification after pouring of each alloy, which is indicated as an arrow in Fig. 6 in Pure Al, against the distance from the bottom of the sample. The relation between the thickness of the solidified layer x and the time from the start to the end of solidification can be described as
where and t 0 are the solidification constant and the time of the end of the solidification at the bottom, respectively.
17)
The plots in Fig. 8 were fitted by eq. (3) with fitting parameters of and t 0 . Figure 9 shows the solidification rates estimated by the differentials of the fitting curves at each position. The temperature gradients G in liquid at the interface to the mushy zone were calculated using the solidification rates in Fig. 8 and the cooling rate, which is the gradient of the cooling curve just above T S in Fig. 10 .
G ¼ ðdT=dtÞ=R ð4Þ
Hunt reported the solidification conditions for equiaxed dendrite zone and the columnar dendrite zone. 18) A diagram of the microstructures, the pore morphologies, temperature gradient and the solidification rate was shown in Fig. 11 based on the Hunt's model. The lower right side of the diagram is the conditions for equiaxed dendrite zone with isotopic pores and the upper left side of the diagram is the conditions for columnar dendrite zone with directional pores.
The columnar dendrite zone with directional pore was observed under the cooling conditions with a high temperature gradient and a slow solidification rate. Therefore, a higher temperature gradient and a lower solidification rate are necessary to form directional pores and dendrite. Figure 12 shows schematic drawings of the effect of the temperature distribution on the microstructure and pore morphology based on the model of columnar-to-equiaxed transition. 19, 20) Since the redistribution of solute does not occur in pure aluminum, the melting point is constant and constitutional supercooling does not take place. Therefore directional pores are formed in pure aluminum (Fig. 12(a) ).
Even in alloys, constitutional supercooling does not take place either with a narrow solidification temperature range of the alloy or with a large temperature gradient in front of the solid-liquid interface (Fig. 12(b) ).
If the temperature gradient in the mushy zone decreases in an alloy with a wide solidification temperature range, primary phase nucleates in the mushy zone due to constitutional supercooling. At the same time the pores form by excluded gas from the solid phase in the mushy zone ( Fig. 12(c) ). The pores grow spherically in this kind of alloys, because the surrounding phases are isotropic equiaxed dendrite. Furthermore, as the surrounding phases do not suppress the pore growth, the pores in the equiaxed zone grow larger than that in the columnar zone.
Although the part at 20 mm from the bottom of A6061 was cooled under the condition where columnar dendrites with directional pores were expected, equiaxed dendrites with isotropic irregular pores were observed, which are shown in brackets shown in Fig. 11 .
Conclusion
Pores were observed in Al-Mg-Si alloys with various Mg and Si contents (diluted A6061) unidirectionally solidified by the mold casting technique in vacuum through thermal decomposition of Ca(OH) 2 powders. The direction and morphology of pores were influenced by that of the surrounding primary -dendrites. Therefore unidirectional pores and spherical pores form under the solidification conditions for columnar dendrites and equiaxed dendrites, respectively, which can be explained by the Hunt's model. The results suggest that the low solidification rate and the high temperature gradient are necessary for formation of directional pores. 
